Polytypism widely exists in IV, III--V and II--VI semiconductors due to their large atom stacking freedom and the most commonly observed polymorphs are zinc blende (ZB) and wurtzite (WZ)[@b1][@b2][@b3]. The energy gap between different polymorphs, which depends on the ionicity of the chemical bonding[@b4], could be overcome during the materials synthesis[@b5]. Furthermore, since the electronic band structure is correlated to the crystal structure of material, polymorphs with the same chemical composition behave differently in optical, electronic and other properties[@b3][@b6][@b7][@b8]. Therefore, the uncontrollable defect of random polytypism introduced in the synthesis stage would have some uncertain effects on the properties of the materials[@b9][@b10]. Recently, controlled polytypism and twinning engineering in one single III--V nanowire have been realized in vapor-liquid-solid (VLS) growth[@b9][@b10][@b11], and these engineered structure defects are expected to be useful in future optical, electronic and photovoltaic devices, as the variations in electron band structure of different polymorphs provide new possibilities to the band-gap tuning and alignment of semiconductor materials[@b12][@b13].

In solution based colloidal approach, although the synthesis of standard-heterostructured nanocrystals[@b14][@b15][@b16], in which no less than two compounds are incorporated, has been well developed, the controlled engineering of different polymorphs in one single nanostructure has been less reported due to the difficulty in precise phase control. Colloidal synthesis of branched polytypic II--VI nanocrystals with ZB cores and epitaxially grown WZ arms, such as CdSe[@b17][@b18] and CdTe[@b19] tetrapod nanocrystals, are the only few examples of controlled polytypism engineering in single nanoparticles. Branched polytypic nanocrystals can have up to eight arms, because there are eight {111}~ZB~ facets in the ZB cores can interface with {0002}~WZ~ facets of the WZ arms[@b20], even though configurations with four arms in branched nanocrystals are more commonly observed. For those polytypic nanocrystals nucleating in WZ phase and growing in ZB phase, two polymorphs will be arranged in a linear fashion, as there are two opposite {0002}~WZ~ facets. However, to the best of our knowledge, controlled synthesis of this kind of linearly arranged polytypic nanostructure in solution has not been reported so far.

In this contribution, we report our recent accomplishment on the controlled colloidal synthesis of linearly arranged ZB-/WZ-/ZB-derivative polytypic semiconductor nanocrystals with focusing on non-stoichiometric Cu~2~ZnSnS~x~Se~4−x~ (CZTSSe). We choose CZTSSe to descript the structure features, formation mechanism and phase ratio tuning process, as Cu~2~ZnSnS~4~[@b21][@b22][@b23] (CZTS), Cu~2~ZnSnSe~4~[@b24] (CZTSe) and their alloy CZTSSe[@b25] "nanocrystals ink" are drawing increasing attentions due to their promising applications in future low-cost thin film solar cells[@b26]. We also demonstrate that the method developed here can be generally applied to synthesize Cu~2~CdSnS~x~Se~4−x~ (CCTSSe) polytypic nanocrystals, of which the major content Cu~2~CdSnSe~4~ (CCTSe) is also an important quaternary chalcogenide due to its potential thermoelectric applications[@b27][@b28][@b29][@b30].

Results
=======

Characterization of polytypic CZTSSe nanocrystals
-------------------------------------------------

Similar with ternary CuInS~2~(CIS) and CuInSe~2~(CISe), CZTSe quaternary semiconductors can be taken as derived from the binary ZnSe through replacing part of Zn atoms by Cu and Sn atoms (see [Supplementary Table S1](#s1){ref-type="supplementary-material"} online). As we known, the binary ZnSe have the ZB and WZ structures, so CIS, CISe and CZTSe have the corresponding ZB-derived and WZ-derived structures. The ground states of the above mentioned ternary and quaternary chalcogenides are the ZB-derived phases, but recent reports have demonstrated that the metastable WZ-derived CuInS~2~[@b31] and CuInSe~2~[@b32] nanocrystals can be prepared by using dodecanethiol and diphenyl diselenide, respectively, and two more recent works have demonstrated that WZ-derived CZTS[@b33] and CZTSe[@b34] can also be prepared through using dodecanethiol and diphenyl diselenide, respectively. Furthermore, unexpected polytypism has been found in CIS nanodiscs, where the WZ phase interfaces with significant chalcopyrite domains[@b35].

In our experiments, linear arrangement of ZB- and WZ-derived CZTSSe in single nanoparticle can be achieved in the presence of both dodecanethiol and diphenyl diselenide. The samples of the obtained polytypic CZTSSe nanocrystals were characterized by the powder X-ray diffraction (PXRD) pattern ([Fig. 1](#f1){ref-type="fig"}). For comparison, the X-ray diffraction (XRD) patterns of simulated ZB-derived and WZ-derived CZTSe structures are also presented (see [Supplementary Fig. S1](#s1){ref-type="supplementary-material"} online). Rietveld refinement analysis is performed and the result indicates that the obtained product is actually composed of two phases, *i.e.* WZ- and ZB-derivatives, with a phase composition of 35.03±0.41% for ZB-derived structure. It is rather difficult to distinguish further the precise cation occupations of the obtained CZTSSe nanocrystals, because different polymorphs derived from the same structure show almost the same PXRD patterns. Considering ZB- and WZ-derived structures possess similar anion matrix to binary ZB and WZ ZnSe, respectively, we use the same notation for the crystallographic facets and directions of CZTSSe nanocrystals as those of ZnSe. To avoid ambiguity, four-index Miller-Bravais notation is used to name crystallographic facets and directions in WZ-derived structures.

The morphology of the synthesized polytypic CZTSSe nanocrystals was characterized by transmission electronic microscope (TEM). A typical bright-field TEM image in [Fig. 2a](#f2){ref-type="fig"} shows that the synthesized nanocrystals have uniform rugby-like morphology, of which the long and short diameters are 22±4 nm and 13±2 nm, respectively. The bright-field TEM images of two single nanocrystals in [Fig. 2b, 2d](#f2){ref-type="fig"} show that contrasts of different domains in the single nanocrystals are totally different, i.e., two ends show similar contrasts while the central parts differ obviously. The contrast difference can be more clearly observed in the corresponding dark-field TEM images ([Fig. 2c, 2e](#f2){ref-type="fig"}). For some nanocrystals represented in [Fig. 2a](#f1){ref-type="fig"}, although the contrast differences are not obvious, the crystalline boundaries separating nanocrystals into three domains are clearly observed. Noting that the TEM observation of contrast difference and crystalline boundaries are affected by the orientations of the nanocrystals which were randomly deposited on the TEM grid, we tilted the sample within angles of ±15° along the *x* and *y*-axis of the TEM grid holder during the observation and found the contrast difference could be observable or absent in some nanocrystals with certain tilting angles. According to these TEM images with different tilting angles (see [Supplementary Fig. S2](#s1){ref-type="supplementary-material"} online), we found about 60% nanocrystals crystallized with ZB-/WZ-/ZB-derived polytypic nanostructure, it is possibly that the actual proportion of ZB-/WZ-/ZB-derivative polytypic nanocrystals is even higher, as contrast difference of some nanocrystals might be observable in certain angles which have not been reached in our observation.

As we know, the contrast in bright-field TEM image is correlated to the mass-thickness and diffraction. Mass-thickness contrast is very common in standard nano-heterostructures, in which heavy atoms are usually darker than light ones[@b36]. The energy dispersive spectroscopy (EDS) analysis firstly confirmed that the average chemical composition of nanocrystals is Cu~2~Zn~0.5~Sn~0.9~Se~2.8~S~0.3~(see [Supplementary Fig. S3](#s1){ref-type="supplementary-material"} and [Table S2](#s1){ref-type="supplementary-material"}). Noting that the molar ratio of cation precursors is kept as the stoichiometric value, Zn deficiencies here can be attributed to the lower reactivity of Zn precursor[@b37]. To clarify whether the contrast difference is attributed to the variation in composition, high resolution scanning transmission electron microscope energy dispersive spectrometer (STEM-EDS) elemental mapping was then used to characterize whether five elements are non-uniformly distributed in obtained nanocrystals. As shown in [Fig. 3](#f3){ref-type="fig"}, Cu, Zn, Sn, S and Se atoms distribute homogeneously in three nanocrystals and no noticeable nano-heterostructure can be observed in the mapping. Furthermore, an EDS line scan analysis further confirms the uniform distribution of elements (see [Supplementary Fig. S4](#s1){ref-type="supplementary-material"} online). Therefore, we can confirm that the contrast difference in those nanocrystals is aroused from the variation in diffraction, which is caused by the difference in crystalline structures or the orientation between the two ends and the center part of those nanocrystals.

High resolution transmission electron microscope (HRTEM) and the corresponding fast Fourier transform (FFT) images are shown in [Fig. 4a, 4b, 4c and 4d](#f4){ref-type="fig"} in order to study the detailed crystalline feature of such polytypic nanocrystals. In accordance with the observation on TEM images, the crystalline domain of nanocrystal can be divided into three distinct parts, the crystalline phase of the two ends is ZB-derived structure and the center part is WZ-derived structure. A magnified HRTEM image and the corresponding crystal model ([Fig. 4e, 4f](#f4){ref-type="fig"}) show the interface of those two structures where we can observe the lattice mismatch induced stress. The ZB-derived and the corresponding WZ-derived structures differ in their anion atom stacking sequence along \[111\]~ZB~ and \[0001\]~WZ~ directions. The anion stacking sequence of ZB-derived structure is ···ABCABC··· while for WZ-derived structure it is ···ABAB···. The stacking in as-obtained polytypic nanocrystals here have two possible typical sequences, ···ABC/AB···AB/CBA··· and ···ABC/AB···AB/ABC···, both of them have been observed in the HRTEM images and two typical HRTEM images are represented in [Fig. 4a and 4b](#f4){ref-type="fig"}. In the former case ([Fig. 4a](#f4){ref-type="fig"}), the stacking orders of two ends are opposite and the central WZ-derived domain just acts as a twinning plane of ZB-derived structure; in the latter case ([Fig. 4b](#f4){ref-type="fig"}), it looks like that one ZB-derived nanoparticle is separated by a WZ-derived domain.

Discussion
==========

Time dependent experiments were performed to study the growth process of these novel polytypic nanocrystals. According to the color change of solution during the reaction, the growth of nanocrystals should start at about 220°C, so we quenched the reaction when the reaction temperature increased to 240, 260 and 280°C, respectively. The intermediate products were characterized by PXRD, TEM, and HRTEM analysis. The majority of atoms in nanocrystals crystallize in WZ-derived structure when the reaction temperature increases to 240°C (see [Supplementary Fig. S5](#s1){ref-type="supplementary-material"} online), as the diffraction intensity of (0020)~WZ~ facet, which overlaps with the strongest (111)~ZB~ diffraction peak of ZB-derived structure, is pretty weak. The phase composition of ZB-derived structure calculated from Rietveld refinement analysis is 6.49 ± 0.42% (see [Supplementary Fig. S5](#s1){ref-type="supplementary-material"} and [Table S3](#s1){ref-type="supplementary-material"} online). A HRTEM image taken along \[1--210\]~WZ~ direction viewing from the side of one single nanocrystal also indicates that ZB-derived structure can be hardly found (see [Supplementary Fig. S6a](#s1){ref-type="supplementary-material"}). Relative diffraction intensities of (0002)~WZ~/(111)~ZB~ and (11--20)~WZ~/(220)~ZB~ facets in PXRD pattern of product obtained at 260°C are stronger than those of the product obtained at 240°C, indicating an increased ZB-derived phase composition (17.62 ± 0.71%, see [Supplementary Fig. S5](#s1){ref-type="supplementary-material"} and [Table S3](#s1){ref-type="supplementary-material"}). This is consistent with the TEM and HRTEM observation (see [Supplementary Fig. S6b](#s1){ref-type="supplementary-material"}), where we could notice that ZB-derived phase grows epitaxially on WZ-derived structure, resulting oval-like structures. When the reaction temperature further increases to 280°C, the ZB-derived phase composition increases to 27.76 ± 0.55% (see [Supplementary Fig. S5](#s1){ref-type="supplementary-material"} and [Table S3](#s1){ref-type="supplementary-material"}). The increment of ZB-derived structure in two ends of nanocrystals can also be directly observed in TEM and HRTEM images (see [Supplementary Fig. S6c](#s1){ref-type="supplementary-material"}).

To clarify whether the ZB-derived CZTSSe ends are transformed from the metastable WZ-derived CZTSSe cores, we further annealed the nanoparticles deposited on labeled copper TEM grids to test the phase stability of WZ-derived CZTSSe. After being heated at 300°C for 10 min, there is no noticeable change in the core size of nanocrystal (see [Supplementary Fig. S8](#s1){ref-type="supplementary-material"} online), and thus we can conclude that the ZB-derived CZTSSe ends mainly result from the nucleation of ZB-derived structure at relative high temperature.

According to the above analysis, we can conclude that these linearly arranged polytypic CZTSSe nanocrystals result from the nucleation in the WZ-derived structure at relative low temperatures with subsequent epitaxial growth of ZB-derived structure at relative high temperatures. To engineer two phases with a controlled manner is an critical issue for the synthesis of polytypic nanocrystals, in our experiments, diphenyl diselenide plays an important role in the formation of metastable WZ-derived phase at relative low temperatures as reported previously in the synthesis of wurtzite CISe nanocrystals[@b32], and it also works as selenium source for the growth of stable ZB-derived phase at relative high temperatures.

Based on the understanding of the growth mechanism, we successfully prepared ZB-/WZ-/ZB-derivative polytypic nanocrystals with different phase ratios by changing the reaction temperature from 240 to 320°C while the reaction time was all kept at 1 hour. As [Fig. 5a, b](#f5){ref-type="fig"} shows, the nanocrystals obtained after reaction at 240°C represent quasi-sphere shapes, and a HRTEM image shows that the WZ-derived structure is the dominant phase. The average aspect ratio of nanocrystals and the ZB-derived phase composition increases as the reaction temperature increases from 240 to 320°C, and the dominant phase of those nanocrystals obtained at 320°C converts to ZB-derived structure ([Fig. 5g, h](#f5){ref-type="fig"}).

The proportions of WZ-derived and ZB-derived structures in the obtained nanocrystals were calculated by using Rietveld refinement analysis (see [Supplementary Fig. S7](#s1){ref-type="supplementary-material"} and [Table S4](#s1){ref-type="supplementary-material"} online). The results are listed in [Table 1](#t1){ref-type="table"}, the correlations between the composition of ZB-derived structure and reaction temperature are consistent with the results observed from the TEM and HRTEM images ([Fig. 5](#f5){ref-type="fig"}): the calculated phase compositions of ZB-derived structure in product synthesized at 240, 260, 300 and 320°C are 19.34 ± 0.43%, 32.70 ± 0.40%, 43.62 ± 0.38% and 54.67 ± 0.33%, respectively. It further confirms our proposed formation mechanism that CZTSSe nanocrystals favor WZ-derived structure at relatively low temperatures and then tend to crystallize in ZB-derived structure at relatively high temperatures.

EDS analysis was used to characterize the average chemical compositions of nanocrystals obtained at different temperatures (see [Supplementary Fig. S3](#s1){ref-type="supplementary-material"} and [Table S2](#s1){ref-type="supplementary-material"} online), and UV-vis-NIR spectra (see [Supplementary Fig. S9](#s1){ref-type="supplementary-material"} and [Fig. S10](#s1){ref-type="supplementary-material"} online) were applied to estimate band-gaps through extrapolating the (*αhν*)^2^ versus photon energy to low energy. It has been noted that all five samples show almost the same molar ratio of Se/S with slight variation, this kind of slight variation is common in our observations but doesn\'t dependent on the sizes of the nanoparticles. The evaluated band-gaps of those nanocrystals synthesized at 260°C, 280°C and 300°C are close to each other ([Table 1](#t1){ref-type="table"}) and can\'t be distinguished by the estimation methods here, this is reasonable as they have similar compositions and close phase compositions of ZB-derived structure. For the nanocrystals synthesized at 240°C have similar compositions to those nanocrystals mentioned above while showing a smaller band-gap, indicating the phase ratio of polytypic nanocrystals would have certain effect on the band-gap. Previous research found that the band-gap of GaAs nanowire could be tuned from 1.515 eV down to 1.43 eV by increasing the phase composition of WZ structure to ZB structure, and carrier confinement induced by the band offset staging between ZB and WZ structure was used to explain that phenomenon[@b38]. The smaller band-gap of nanocrystals synthesized at 240°C could also be understood by the similar mechanism, as the theoretical calculation has shown that WZ-derived and ZB-derived CZTSSe differ slightly in their band structure[@b39]. We have not made a comparison between nanocrystals synthesized at 320°C and other nanocrystals, because they have different chemical compositions.

It has been predicted that the type-II band-gap alignment exists on the WZ/ZB CdX (X = S, Se and Te) interface[@b40], and it also happens on the interface of different GaInP~2~ polytypes[@b13]. For our polytypic CZTSSe nanocrystals, the type-II band-gap alignment could be expected on the interfaces between the ZB-derived and WZ-derived structures[@b39], which can facilitate the electron-hole separation in the nanocrystals and is a positive factor for their potential photovoltaic applications. Adjusting the proportion of two structures offers a pathway to the band-gap tuning, thus yielding more avenues to optimize the performance of polytypic nanocrystal incorporated devices.

It should be pointed out that the method developed here is not only restricted to the synthesis of polytypic CZTSSe nanocrystals. We found that Cu~2~CdSnS~x~Se~4−x~ (CCTSSe) polytypic nanocrystals, of which the major content is an important semiconductor due to its potential applications in photovoltaic and thermoelectric devices[@b27][@b28][@b29][@b30], can be also prepared through a similar procedure (see [Supplementary Figs. S11--S15](#s1){ref-type="supplementary-material"} online). This also indicates that the present synthetic principle could be applied to other polytypic semiconductor nanocrystals.

In summary, we have developed an efficient method to synthesize linearly arranged polytypic nanocrystals with focusing on CZTSSe polytypic nanocrystal. PXRD, TEM, HRTEM, EDS, STEM-EDS-elemental mapping and EDS-line scan were used to characterize the obtained CZTSSe polytypic nanocrystals. The as-prepared nanocrystals with rugby-like shape have three separated crystalline domains, two ends of nanocrystals crystallized in ZB-derived phase and the central part grew in WZ-derived structure. The formation mechanism of these CZTSSe nanocrystals has been studied through quenching the reaction during the temperature ramping process. We find the CZTSSe nanocrystals prefer to nucleate in WZ-derived structure at relatively low temperatures while tend to grow with ZB-derived structure at high temperatures. Based on that, we successfully prepared polytypic CZTSSe nanocrystals with ZB-derived phase proportions ranging from 19.34% to 54.67% through tuning the reaction temperatures from 240°C to 320°C. Furthermore, linearly arranged polytypic CCTSSe can be also prepared through a similar procedure, implying that the synthetic principle of polytypic nanocrsytals reported here could also be applied to other semiconductors that have WZ- and ZB-derived structures and the growth of different polymorphs is sensitive to the reaction temperature. The polytypic nanocrsytals present here provide a structure model for studying the possible carrier confinement and spatial charger separation in polytypic I~2~--II--IV--VI~4~ nanocrystals. Noting that transformation between different polymorphs could be triggered through proper thermal activation, the polytypic nanocrystals may also be a structure model to investigate the effect of the pre-existed uniform interface on transformation.

Methods
=======

Synthesis of polytypic CZTSSe nanocrystals with different phase ratio
---------------------------------------------------------------------

0.28 mmol CuI, 0.14 mmol Zn(CH~3~COO)~2~·2H~2~O and 0.14 mmol SnCl~2~·2H~2~O were dissolved in 10 mL oleylamine with the presence of 600 μL 1-dodecanethiol in a three-neck flask in air and then heated up to 180°C. At the same time, 1.12 mmol diphenyl diselenide was dissolved in another three-neck flask containing 5 mL oleylamine in air at 70°C. Reaction solutions were mixed by injecting diphenyl diselenide solution into the former salt solution. The temperature of the reaction solution was increased from 150°C to 280°C at a heating rate of 10°C/min and kept at 280°C for 1 h. To synthesize polytypic CZTSSe nanocrystals with different phase ratios, the reaction temperatures were kept at 240, 260, 300 and 320°C, respectively, while all other reaction parameters were kept the same.

Synthesis of polytypic CCTSSe nanocrystals
------------------------------------------

The synthesis procedure of polytypic CCTSSe nanocrystals is similar to that of CZTSSe polytypic nanocrystals except 0.14 mmol Zn(CH~3~COO)~2~·2H~2~O was then substituted by 0.14 mmol Cd(CH~3~COO)~2~·2H~2~O while other reaction parameters were kept the same as with CZTSSe. The reaction was held at 280°C for 1 h.

When the reaction completed, the flask was removed from the heating mantle and naturally cooled down. The black product was collected and centrifuged at 8000 rpm for 5 min and the upper clear solution was discarded. Then hexane was added to disperse the nanocrystals. The dispersion was centrifuged at 5000 rpm for 10 s, larger nanocrystals and aggregates were discarded while the bright black colloidal solution was transferred into another centrifuge tube where slurries formed after the addition of ethanol. Those slurries were centrifuged again at 8000 rpm for 5 min and the nanocrystals accumulated at the bottom of centrifuge tube once again, the washing process was repeated for two times. A typical reaction yields about 40 mg dispersible nanocrystals.

Measurement and characterization
--------------------------------

The product was characterized by powder X-ray diffraction, using a Philips X\'Pert PRO SUPER X-ray diffractometer with graphite monochromated Cu Kα radiation (λ = 1.54056 Å). The operation voltage and current were kept at 40 kV and 400 mA, respectively. The phase purity and relationships were analyzed using the X\'Pert High Score plus software in conjunction with the ICDD database. All structural refinements were carried out using the Rietveld refinement technique with the Fullprof software suite (version 2.05)[@b41]. For CZTSSe, the space groups were taken as *P6~3~mc* and *F-43m.* For CCTSSe, the space groups were taken as *Pmn*2~1~ and *I-42m.* Pseudo-Voigt profile functions were employed and 18 least-squares parameters (zero-point parameter, scale factor, lattice parameters, profile parameters U, V, W, Shape, X and asymmetry) were varied during the refinement process.

Nanocrystals dispersed in hexane were dropped on carbon supported Cu or Mo grids for TEM and HRTEM observation, which were performed on JEOL-2010F with an acceleration voltage of 200 KV. We tilted the sample within angles of ±15° along the x and y-axis during the TEM observation. EDS and STEM EDS element mapping were carried out on Inca Oxford equipped on JEOL-2010F, nylon grids were used to determine chemical compositions and Be grids were used for EDS mapping and line scan. To clarify whether 1-dodecanethiol makes the S quantification dubious, we deposited the nanocrystals on carbon supported Cu grids and heated the grids at 250°C (Naberther PHTO 80--450/15 tube furnace) to remove 1-dodecanethiol under vacuum (−1 bar) for 0.5 h, the heating and cooling rates were kept as 5°C/min. Considering the boiling point of 1-dodecanethiol under ambient condition is 266\~283°C, it is reasonable to propose that the 1-dodecanethiol can be well removed after heating treatment at 250°C for 0.5 h under vacuum. We found that the Zn:Sn:S molar ratios of the same batch sample collected on nylon grids and Cu grids are almost unchanged (see [Supplementary Table S2](#s1){ref-type="supplementary-material"} and [Fig. S3](#s1){ref-type="supplementary-material"} online), indicating that sulfur signal originated from 1-dodecanethiol are not noticeable to affect the accuracy of sulfur quantification. Unexpectedly, we find Se/S molar ratios of all samples decrease after heating treatment, this can be understood by the fact that Cu~2~ZnSnS~4~ firstly losses S during heating[@b42] and Cu~2~ZnSnS~4~ are more stable than Cu~2~ZnSnSe~4~[@b43], as a result, CZTSSe alloy will firstly losses Se during heating treatment while the Zn:Sn:S molar ratio is unchanged. Optical absorption spectra of nanocrystals dispersed in hexane were measured at room temperature using a DUV---3700 ultraviolet-visible-near infrared (UV-vis-NIR) spectrometer (Shimadzu).

Crystal structure simulation
----------------------------

Theoretical calculations have shown that the tetragonal kesterite (space group *I-4*) and stannite (space group *I-42m*) structures are the low-energy ZB-derived structures, and the orthorhombic WZ-kesterite (space group *Pc*) and WZ-stannite (space group *Pmn2~1~*) are the low-energy WZ-derived structures[@b39]. When Cu, Zn and Sn cations become totally disordered, the ZB- and WZ-derived quaternary structures are equivalent to the binary ZB and WZ structures, respectively. We simulated the PXRD patterns of (i) the ordered ZB-derived kesterite structure and WZ-derived WZ-kesterite structure of CZTSe, (ii) the disordered ZB- and WZ-derived CZTSe structures. For the ordered structures, the atomic coordinates and the lattice parameters are determined from the first-principles structural relaxation[@b39][@b44]. For the disordered structures, the random distribution of Cu, Zn and Sn makes them indistinguishable, and thus the structures possess the same space groups and atomic coordinates as the binary ZB (*F-43m*) and WZ (*P6~3~mc*) structures. The lattice parameters of the disordered structures are derived assuming that the disordered structures have the same volume per cell as the ordered structures. For Cu~2~CdSnSe~4~ (CCTSe), as stannite and WZ-stannite CCTSe are the most stable ZB- and WZ-derived structures, respectively[@b39], we simulated the PXRD patterns of (iii) ordered stannite and WZ-stannite, and (iv) disordered ZB and WZ Cu~2~CdSnSe~4~ through a similar approach for comparison. The detailed parameters needed for the simulations of different polymorphs of CZTSe and CCTSe are given in [Table S1](#s1){ref-type="supplementary-material"} (see [Supplementary](#s1){ref-type="supplementary-material"}).
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![PXRD pattern and Rietveld fit of the obtained polytypic CZTSSe nanocrystals (Rwp: 10.6%, Rexp: 3.24% and χ^2^: 10.8%).](srep00952-f1){#f1}

![Bright-field and dark-field TEM images of polytypic CZTSSe nanocrystals.\
(a) A typical bright-field TEM image of the synthesized polytypic CZTSSe nanocrystals. (b) and (c) bright-field and the corresponding dark-field TEM images of one individual polytypic CZTSSe nanocrystal. (c) and (d) bright-field and the corresponding dark-field TEM images of another single polytypic CZTSSe nanocrystal. The scale bars are all 20 nm.](srep00952-f2){#f2}

![STEM image and high resolution STEM-EDS elemental mappings of three polytypic CZTSSe nanocrystals.\
The scale bar in STEM image is 30 nm.](srep00952-f3){#f3}

![High resolution TEM images and the corresponding FFT images.\
(a) and (b) HRTEM images of two typical polytypic CZTSSe nanocrystals. (c) and (d) FFT images of different area in HRTEM image (e). (f) the crystal model of the interface of ZB- and WZ-derived structures, the orange and dark blue balls represent cation and anion atoms respectively. The scale bars in HRTEM images are both 5 nm.](srep00952-f4){#f4}

![Typical TEM and HRTEM images of the synthesized polytypic CZTSSe nanocrystals obtained after reaction at different temperatures for 1 h.\
(a) and (b) 240°C, (c) and (d) 260°C, (e) and (f) 300°C, (g) and (h) 320°C. The white scale bars are 100 nm and black scale bars are 5 nm. Insets show the model illustration of the polytypic nanocrystal with different phase composition.](srep00952-f5){#f5}

###### Correlations among reaction temperature, ZB-derived phase composition, chemical composition and band-gap of the polytypic CZTSSe nanocrystals

  Reaction temperature (°C)    ZB-derived phase composition (%)         Chemical composition         Estimated band-gap (eV)
  --------------------------- ---------------------------------- ---------------------------------- -------------------------
  240                                    19.34 ± 0.43             Cu~2~Zn~0.5~Sn~0.9~S~0.3~Se~2.8~             1.0
  260                                    32.70 ± 0.40             Cu~2~Zn~0.5~Sn~0.9~S~0.3~Se~3.0~             1.1
  280                                    35.03 ± 0.41             Cu~2~Zn~0.5~Sn~0.9~S~0.3~Se~2.8~             1.1
  300                                    43.62 ± 0.38             Cu~2~Zn~0.5~Sn~0.9~S~0.3~Se~2.7~             1.1
  320                                    54.67 ± 0.33             Cu~2~Zn~0.6~Sn~0.9~S~0.3~Se~2.8~             1.2
